Endothelial damage and subsequent atherosclerosis are considered the main etiologic factors for ATE, whereas coagulation disturbance and stasis of the blood are major risk factors for VTE. 6 This is also consistent with the much higher relative risk of VTE as compared with ATE in individuals with hereditary thrombophilia. [2] [3] [4] [5] Although the process of atherosclerosis is driven by traditional cardiovascular risk factors, such as hypertension, diabetes mellitus, smoking, hyperlipidemia, and obesity, the occurrence of ATE (ie, transient ischemic attack, ischemic stroke, or myocardial infarction) is typically caused by rupture of atherosclerotic plugs with subsequent thrombus formation. 6 Therefore, synergistic interaction of hereditary Background-Hereditary thrombophilia is associated with a slightly increased risk of arterial thromboembolism (ATE).
F actor V Leiden, prothrombin G20210A polymorphism, and hereditary deficiencies of the anticoagulant proteins (ie, antithrombin, protein C, and protein S) are well-recognized risk factors for venous thromboembolism (VTE). [1] [2] [3] In contrast, the association of these hereditary thrombophilic defects with arterial thromboembolism (ATE) is relatively less well-established and is believed to be weak. 4, 5 Most previous studies on the association of thrombophilic defects with ATE are case-control studies often conducted in young individuals with low risk profile. thrombophilia with traditional cardiovascular risk on ATE risk seems likely. Moreover, cerebral thromboembolic events because of cardiac embolization, such as in patients with atrial fibrillation, may also be promoted by thrombophilia given the stasis of blood in the left atrium during atrial fibrillation. However, previous studies on interaction of traditional cardiovascular risk factors with factor V Leiden or prothrombin G20210A polymorphism are limited and report conflicting results. [7] [8] [9] [10] [11] The conflicting results may be at least partially because of selection bias and residual confounding, which is generally better tackled in family cohort studies as compared with case-control and cohort studies of nonrelated individuals. 12 Moreover, lack of power in individual studies may have contributed to risk differences across studies.
To assess potential interaction of the hereditary thrombophilic defects (ie, factor V Leiden, prothrombin G20210A polymorphism, and deficiencies of antithrombin, proteins C, and protein S) with traditional cardiovascular risk factors on the risk of ATE, we pooled 4 retrospective family cohort studies with similar ascertainment protocols.
Methods

Participants
Details of the study protocols have been published elsewhere. 2, 5, [13] [14] [15] In brief, individual-level data from 4 large retrospective family cohort studies with various thrombophilic index defects were pooled. The major difference between these cohorts was the index defect of the proband. Additionally, in the cohort with the index defect of the anticoagulant proteins deficiency, the individual with the index deficiency (proband) had to have VTE in the presence of antithrombin, protein C, or protein S deficiency. 5 In the other 3 cohorts, probands had to have either VTE or premature ATE (any ATE before the age of 50 years) in the presence of prothrombin G20210A polymorphism, elevated factor VIII (>150 IU) levels, or hyperhomocysteinemia. 2, [13] [14] [15] To avoid selection bias, probands of the later 3 cohorts were dropped from the analysis because these were also selected on the basis of ATE. Moreover, the cohort with the index defect of the anticoagulant protein deficiency was a single-center study conducted at the University Medical Center (UMC) Groningen, whereas the other 3 studies were conducted at UMC Maastricht, Amsterdam Medical Center, and UMC Groningen. 2 All studies were approved by the institutional review boards of the participating hospitals.
First-degree relatives, of the probands, >15 years of age were identified by pedigree analysis. As previously reported, 5 for antithrombin deficiency also second-degree relatives were included. For living relatives >15 years of age, the response rate ranged between 68% and 92% per cohort. Individuals were enrolled after informed consent was obtained. Detailed information on previous episodes of VTE and ATE, risk factors for atherosclerosis, and anticoagulant treatment were collected, using a standardized questionnaire and reviewing medical records. Blood samples were taken after clinical data had been collected. Probands and relatives were tested for other thrombophilic defects in addition to their index deficiencies, including factor V Leiden, prothrombin G20210A polymorphism, and deficiencies of antithrombin, protein C and protein S. Traditional cardiovascular risk factors included hypertension, defined by self-reported diagnosis of hypertension made by a physician or the use of antihypertensive drugs; diabetes mellitus, defined by self-reported diagnosis of diabetes mellitus made by a physician or use of glucose lowering drugs; hyperlipidemia, defined by self-reported diagnosis of hyperlipidaemia made by a physician or the use of lipid-lowering drugs; and cigarette smoking, including both previous and current smokers. History of these traditional cardiovascular risk factors was ascertained at the time of enrolment. The body mass index (BMI) was calculated as bodyweight in kilograms divided by height in meters squared.
Diagnosis of ATE
Myocardial infarction and strokes were self-reported during an interview with a medical professional and identified by screening of the medical charts. The outcomes were considered confirmed if reported in the medical charts of the diagnosing hospital, using the following criteria: myocardial infarction was confirmed by typical ECG features, elevated levels of cardiac enzymes, radionuclide imaging techniques, or coronary angiography. Ischemic stroke was documented by computed tomographic scanning or magnetic resonance imaging. Transient ischemic attack required typical neurological symptoms and signs lasting <24 hours.
Laboratory Studies
Thrombophilic defects were identified using the same assays in all 4 studies. Factor V Leiden and the prothrombin G20210A mutation were demonstrated by polymerase chain reactions. Protein S and protein C antigen levels were measured by Enzyme Linked Immuno Sorbent Assay (reagents obtained from DAKO, Glostrup, Denmark), activity of protein C (Berichrom Protein C; Dade Behring, Liederbach, Germany), and antithrombin (Coatest; Chromogenix, Mölndal, Sweden) by chromogenic substrate assays. Normal ranges (mean±SD) were determined in healthy blood donors who had no (family) history of thromboembolism, were not pregnant, and had not used oral contraceptives for at least 3 months. Protein S deficiency type I was defined by lowered total protein S antigen levels (<68 IU/ dL). Protein C deficiency type I and type II were defined by reduced levels of either protein C antigen (<63 IU/dL) and activity (<64 IU/ dL), and antithrombin deficiency was defined by decreased levels of antithrombin activity (<74 IU/dL). Deficiencies were considered inherited if they were confirmed by measuring a second sample collected later and were found in at least one family member in addition to the proband, whereas acquired conditions were excluded. If there was a discrepancy between the results of the 2 tests, a third sample was tested. A deficiency of protein S was considered acquired through use of oral contraceptives or pregnancy, unless it was confirmed at least 3 months after withdrawal of oral contraceptives or delivery, respectively. Individuals who were on treatment with vitamin K antagonist, blood samples for protein C and S were taken after treatment had been interrupted for at least 2 weeks, while low molecular weight heparin was given subcutaneously. Factor VIII:C was measured by 1-stage clotting assay and was considered increased at levels >150 IU/dL. Levels of homocysteine were measured by high-performance liquid chromatography after overnight fasting. Hyperhomocysteinaemia was defined as a fasting homocysteine level >18.0 μM corresponding with the 95th percentile of normal in the Dutch population.
Statistical Analysis
Because all probands in the cohort of the anticoagulant deficiencies were selected on the basis of VTE, and not ATE, they were included in the current analysis for ATE. In the remaining 3 cohorts, probands were excluded from the analysis to avoid selection bias because probands were also selected on the presence of premature ATE. Individuals who had at least one of the 5 thrombophilic defects (ie, antithrombin-, protein C-, or protein S deficiency, factor V Leiden of prothrombin G20210A polymorphism) were classified as having thrombophilia. Individuals who tested negative for all 5 thrombophilic defects were classified as not having thrombophilia. Individuals who tested negative for the thrombophilic defects of interest but had incomplete data on at least one of the 5 thrombophilic defects were dropped from the analysis. Elevated factor VIII and hyperhomocysteinemia were not considered as part of thrombophilia in the current analysis because these correlate with traditional cardiovascular risk factors and each other. 13, 16, 17 Missing values of other variables were allowed, and if the variable served as an adjustment covariate in a model, its missing values were substituted by its mean in the overall sample to retain maximum numbers of events. Given the low prevalence of missing values in the data set, this simple adjustment for missing values should not influence the estimates, and its effect was evaluated in a complete-case analysis.
To adjust for differences in baseline risk across studies and clustering within families, study-stratified Cox regression models with adjustment for clustering within families were applied and robust variances were estimated. Moreover, given the lower prevalence of traditional cardiovascular risk factors in thrombophilic individuals as compared with nonthrombophilic individuals, in a sensitivity analysis, the estimates were also adjusted for potential selection bias using inverse probability weighting. Observation time was defined as the period from 15 years of age until the first episode of ATE or the end of the study. Because the observation period is a proxy of age, estimates were routinely adjusted for age; however, to account for differences in calendar time, year of birth was included in the model. Cox regression model with time-varying option was used to assess the age effect on the association of thrombophilia with ATE. Both estimates of main effects and interaction terms were derived from fully adjusted models. Fully adjusted model included thrombophilia, date of birth, sex, hypertension, hyperlipidemia, diabetes mellitus, smoking, and BMI. Influence of elevated factor VIII and hyperhomcystenienemia on estimates for thrombophilia was evaluated in a sensitivity analysis. Results were expressed as hazard ratios (HRs) with 95% confidence intervals (CIs) and P values.
In addition to multiplicative interaction, for potential public health purposes, the interaction of thrombophilia with the modifiable risk factors was also quantified on additive scale by calculating the attributable proportion (AP) due to interaction. 18 To calculate AP due to interaction of thrombophilia with a traditional cardiovascular risk factor, relative excess risk due to interaction was divided by the HR in the doubly exposed group. APs were calculated using the nlcom command in STATA after fully adjusted model that included the interaction term. Delta method was applied to assess the standard errors of the APs. AP measures the proportion of the combined effect that is caused by interaction in the doubly exposed group. AP value can go from −1 to 1; AP value >0 means positive additive interaction, AP value <0 means negative additive interaction, and AP value of 0 means no additive interaction. Differences between groups of categorical data were evaluated by Chi-square test and of continuous data by 1-way ANOVA. Statistical significance was considered as a 2-tailed probability <0.05. Statistical analyses were performed using STATA software, version 12.1 (StataCorp LP, College Station, TX).
Results
Characteristics of the study participants are summarized in Table. After exclusion of duplicate records (n=23) and individuals with incomplete data (n=109) on at least one of the 5 thrombophilic defects (ie, antithrombin, protein C, or protein S deficiency, factor V Leiden, or prothombin G20210A polymorphism), a total of 1891 individuals belonging to 495 probands were included in the analyses. The sample sizes of the individual cohorts varied from 398 to 526 participants. In the first cohort in which probands were selected on the basis of antithrombin, protein C, or protein S deficiency, a total of 68% of participants had at least one of the 5 thrombophilic defects. In the second cohort in which probands were selected on the basis of prothrombin G20210A polymorphism, 60% had at least one of the 5 defects. Because in the third and fourth cohort the index defects (ie, elevated factor VIII and hyperhomocysteinemia) were not part of the 5 thrombophilic defects of interest, the prevalence of thrombophilia was only 19% and 17%, respectively. In addition to thrombophilia, also the prevalence of traditional cardiovascular risk factors and male sex varied somewhat across the studies (P≤0.039). Mean age was similar (P=0.09) across studies. Overall, missing values for covariates were <1%, except for smoking (2.2% missing) and BMI (3.5% missing). In the pooled data set, the prevalence of traditional cardiovascular risk factors was somewhat higher in nonthrombopilic individuals as compared with individuals with thrombophilia (P≤0.03; (Figure I in the Data Supplement).
As compared with individuals without thrombophilia, individuals with thrombophilia had a 74% (HR 1.74; 95% CI, 1.18-2.55; P=0.005) higher risk of ATE ( Figure 1 ) after adjustment for age, sex, and traditional cardiovascular risk factors. This adjusted risk was higher in individuals with ≥2 thrombophilic defects (HR 1.91) as compared with individuals with only one thrombophilic defect (HR 1.46), and it was somewhat higher in individuals with the natural anticoagulants deficiency (HR 1.69) as compared with individuals with either factor V Leiden or prothrombin G20210A polymorphism (HR 1.50). Except hyperlipidemia, the adjusted HRs conferred by traditional cardiovascular risk factors were in magnitude comparable to the HR conferred by thrombophilia. The association of diabetes mellitus and BMI ≥30 with ATE did not reach statistical significance in the fully adjusted model.
The association of thrombophilia across age categories (age ≥55 years versus <55 years), sex, and traditional cardiovascular risk factors is shown in Figure 2 . The association of thrombophilia with ATE is significantly stronger before the age of 55 years as compared with after the age of 55 years. The association of thrombophilia with ATE tended to be stronger in females as compared with males. Moreover, the association of thrombophilia with ATE tended to be somewhat stronger in the presence of modifiable traditional cardiovascular risk factors, in particular in the presence of diabetes mellitus and continuous BMI modeled with spline terms with knots ACS deficiency denotes antithrombin, protein C, or protein S deficiency; BMI, body mass index; elevated FVIII, factor VIII levels above 150 IU; Hyperhomo, hyperhomocysteinemia; long-term VKA use, vitamin K antagonists use for >12 mo; and PT G20210A, prothrombin G20210A.
*Of 416 tested individuals, 2 were positive for lupus anticoagulant.
at BMI of 25 and 30 kg/m 2 ( Figure II in the Data Supplement). Interaction of modifiable risk factors with thrombophilia was also quantified on additive scale in Figure 3 . The results were in agreement with the multiplicative interaction presented in Figure 2 because there was some evidence for synergistic effect for all modifiable risk factors. In sensitivity analyses, the association of thrombophilia with ATE did not alter if the fully adjusted model was additionally adjusted for elevated factor VIII and hyperhomocysteinemia (HR 1.73; 95%CI, 1.19-2.54). Similarly, the association of thrombophilia with ATE (HR 1.67, 95%CI, 1.12-2.49) did not change when missing values for an adjustment variable were not substituted by the variable's mean, but cases with missing values were dropped from the analysis. Moreover, the association of thrombophilia with myocardial infarction (HR 1.70; 95% CI, 1.02-2.84) was similar to the association of thrombophilia with stroke or transient ischemic attack (HR 1.70; 95% CI, 0.99-2.99). Finally the interaction between cardiovascular risk factors and the anticoagulant protein deficiencies was comparable to the interaction between cardiovascular risk factors and factor V Leiden and prothrombin G20210A polymorphism ( Figure III in the Data Supplement), except that for factor V Leiden and prothrombin G20210A polymorphism, the interaction with hyperlipidemia was also significant. Adjustment for potential selection bias by using the inverse-probability weighting method had no significant effect on the interaction of thrombophilia with cardiovascular risk factors ( Figure IV 
Discussion
Hereditary thrombophilia (antithrombin-, protein C-, or protein S deficiency, factor V Leiden, or prothrombin G20210A polymorphism) is associated with elevated risk of ATE in this pooled analysis of 4 large family cohort studies. The association of thrombophilia with ATE was somewhat stronger in females and in the presence of traditional cardiovascular risk factors, in particular diabetes mellitus. Moreover, the association of thrombophilia with ATE was diminishing with older age with significantly higher risk before the age of 55 years as compared with after the age of 55 years. Results were similar for myocardial infarction versus stroke and transient ischemic attack. Also no major differences were observed when the interaction of traditional cardiovascular risk factors with the anticoagulant protein deficiencies was contrasted to factor V Leiden and prothrombin G20210A polymorphisms.
Although the association of factor V Leiden and prothrombin G20210A with ATE has been extensively evaluated, 4 one for the presence of anticoagulant proteins and the other for the presence of either factor V Leiden or prothrombin G20210A. Homozygocity for factor V Leiden or prothrombin G20210A were considered as 2 defects. ACS deficiency denotes, antithrombin, protein C, or S deficiency; BMI, body mass index; and FII or FVL, prothrombin G20210A or factor V Leiden.
ATE is based only on a few cohort studies. 5 Compared with factor V Leiden and prothrombin G20210A polymorphisms, the hereditary anticoagulant protein deficiencies generally predispose to higher prothrombotic state and are associated with higher risk of VTE. 2 For ATE, similar comparison has not been evaluated in previous studies, and in the current study, the association of anticoagulant protein deficiencies with ATE was only slightly more pronounced as compared with the association of factor V Leiden or prothrombin G20210A with ATE. The limited number of individuals and events hampered reliable risk assessment for individual thrombophilic defects; however, there was a clear difference in the risk associations for protein C and S deficiencies as compared with antithrombin deficiency on which we postulated previously. 5 The magnitude of overall thrombophilia-ATE risk association was comparable to traditional cardiovascular risk factors, except for the association of hyperlipidemia with ATE, which was stronger. Moreover, in the fully adjusted model, diabetes mellitus was not associated with ATE, though 19% of diabetics developed an ATE. This was, however, because of the low number of diabetics of whom the majority had also at least one other cardiovascular risk factor and, therefore, leaving almost no individuals for assessment of independent effect of diabetes mellitus. In a subset of current study participants, we previously reported a slightly elevated risk of ATE after VTE 19 ; dropping VTE cases from current analysis did not change the thrombophilia-ATE risk association (HR=1.85).
Additional adjustment for oral contraceptives use (ever versus never), which was available in 3 of the 4 cohorts, had no influence on the reported risk association of thrombophilia with ATE (HR=1.73). Finally, to reduce the chance of phenocopies for the natural anticoagulant deficiencies, we changed the cutoff value of antithrombin, protein C, or protein S deficiency to <60 IU/dL, which had no influence on the thrombophilia-ATE risk association (HR=1.75).
Although previous data on potential interaction of the anticoagulant proteins deficiencies and traditional cardiovascular risk factors on ATE risk is lacking, the interaction of factor V Leiden and prothrombin G20210A polymorphism with cardiovascular risk factors has been investigated in a few previous studies. [7] [8] [9] [10] [11] Overall, the association of these defects with ATE tended to be stronger in the presence of traditional cardiovascular risk factors. [7] [8] [9] [10] Though results of prior studies are somewhat inconsistent, 11 the reported synergistic interaction of factor V Leiden and prothrombin with smoking, hyperlipidemia, and hypertension were stronger than in our study. Moreover, in our study, there was also a signal that the association of thrombophilia with ATE was stronger in females as compared with males. Previous studies on this issue are not informative because these were limited to a single sex 7-10 ; however, similarly higher relative risk of coronary heart disease conferred by traditional cardiovascular factors has been reported in females as compared with males. 20 Finally, the association of thrombophilia was stronger before the age of Figure 2 . Adjusted association of thrombophilia with arterial thromboembolism (ATE) across various traditional cardiovascular risk factors, sex, and age. The hazard ratios and the corresponding confidence intervals represent the association of thrombophilia with ATE stratified by age, sex, and various traditional cardiovascular risk factors. Because age is a proxy of the follow-up time (ie, age minus 15 years), the age-stratified estimates were derived from a time-varying study-stratified Cox model with adjustment for family clustering, date of birth, and the remaining cardiovascular risk factors. For sex and each cardiovascular risk factor, separate study-stratified Cox models were fit with a single interaction term between the stratifying variable and thrombophilia with additional adjustment for family clustering, year of birth, and the remaining variables (except age) presented in the figure. Interaction terms between confounding variables and thrombophilia were not included to avoid model overfitting. In models in which body mass index (BMI) served as an adjustment variable, BMI was entered as continuous variable.
55 years, even though the absolute risks are lower, 5 which may be because of variation in disease penetrance or that at older age other much stronger risk factors overrules the risk of ATE conferred by thrombophilia. Risk decay at older age has also been reported for some traditional cardiovascular risk factors. 21, 22 Moreover, at older age, thrombophilic individuals were often using oral anticoagulants, which could have diminished the risk of ATE conferred by thrombophilia. However, excluding the individuals on long-term (ie, >12 months) oral anticoagulants did not change the age interaction (data not shown). This study has several limitations that warrant addressing. The prevalence of traditional cardiovascular risk factors was self-reported at enrollment and was retrospectively ascertained. However, differential recall or ascertainment bias seems unlikely as clinical information was collected before testing for thrombophilia. Moreover, traditional cardiovascular risk factors in patients with ATE may not be in all patients diagnosed before the ATE because we did not have the exact date of the diagnosis for traditional cardiovascular risk factors. If this has occurred, then the true effect of thrombophilia may have been underestimated; however, the prevalence of the traditional cardiovascular risk factors was lower in individuals with thrombophilia as compared with individuals without, which argues against relevant reverse association between traditional cardiovascular risk factors and ATE. The lower prevalence of traditional cardiovascular risk factors in thrombophilics may raise concern for potential selection bias, which could bias the main effect estimates, but the estimates of multiplicative interaction would be still valid. 23 Moreover, the interaction estimates did not change when we attempted to adjust for the lower prevalence of traditional cardiovascular risk factors in thrombophilics, using the inverse probability weighting method. This study may be underpowered for detection of significant interaction effects because interaction tests are known for low power; therefore, instead of focusing on interaction P values, we think that the magnitude of the interaction effects and the corresponding confidence intervals warrant more emphasize. Finally, in observational studies, residual confounding cannot be ruled out, which could bias both the main effect and the interaction estimates. In addition, ignoring inclusion of interaction terms between confounders and thrombophilia because of models overfitting may have increased the chance of residual confounding. However, a family-cohort design of related individuals with adjustment for family-clustering would likely account for important residual or unmeasured confounding. 12 Despite these limitations, this is the first study addressing interaction between anticoagulant protein deficiencies and traditional cardiovascular risk factors on ATE risk. Furthermore, previous studies addressing interaction of factor V Leiden and prothrombin G20210A polymorphisms with cardiovascular risk factors are either case-control or cohort studies with nonrelated individuals with their inherent methodological limitations, including residual confounding.
In conclusion, thrombophilic defects are associated with ATE. Thrombophilic defects and traditional cardiovascular risk factors, in particular diabetes mellitus, showed synergistic interaction on ATE risk. Although studies addressing the Crude incidence rates per 1000 py 0 0 5 10 Figure 3 . Crude annual incidence of arterial thromboembolism and covariate-adjusted additive interaction of thrombophilia with modifiable traditional cardiovascular risk factors on arterial thromboembolism risk. *Attributable proportion due to interaction is the proportion of the combined effect that is due to interaction in the doubly exposed group. Attributable proportions due to interaction were calculated in 2 steps. First step: for each cardiovascular risk factor, separate study-stratified Cox models were fit with a single interaction term between the variable of interest and thrombophilia with additional adjustment for family clustering, sex, year of birth, and the remaining variables presented in the figure. Interaction terms between confounding variables and thrombophilia were not included to avoid model overfitting. In models in which BMI served as an adjustment variable, BMI was entered as continuous variable. Second step: from the adjusted Cox models fitted in the first step, the attributable proportion as a result of interaction were calculated as described in the statistical analysis section. BMI indicates body mass index; CI, confidence interval; and CV, cardiovascular. Error bars show crude annual incidence and the corresponding 95% confidence intervals. Plus and minus signs on the figure denote presence and absence, respectively, of the traditional cardiovascular risk factors and thrombophilia.
association of thrombophilia with ATE are thus far focusing on individuals with low-risk profile, future studies should focus on individuals with traditional cardiovascular risk factors to assess potential synergistic interaction with thrombophilic defects.
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